Signal transduction networks allow cells to perceive changes in the extracellular environment and to mount an appropriate response. Mitogen-activated protein kinase (MAPK) cascades are among the most thoroughly studied of signal transduction systems and have been shown to participate in a diverse array of cellular programs, including cell differentiation, cell movement, cell division, and cell death. A key question in studies of this cascade is, how does a ubiquitously activated regulatory enzume generate a specific and biologically appropriate cellular response? In this review we describe recent findings that provide insight into ways that the regulation, structure, and localization of MAPKs and the participation of adapters and scaffolds can help determine biological outcomes.
Signal transduction networks allow cells to perceive changes in the extracellular environment and to mount an appropriate response. Mitogen-activated protein kinase (MAPK) cascades are among the most thoroughly studied of signal transduction systems and have been shown to participate in a diverse array of cellular programs, including cell differentiation, cell movement, cell division, and cell death. A key question in studies of this cascade is, how does a ubiquitously activated regulatory enzume generate a specific and biologically appropriate cellular response? In this review we describe recent findings that provide insight into ways that the regulation, structure, and localization of MAPKs and the participation of adapters and scaffolds can help determine biological outcomes.
MAPK cascades are evolutionarily conserved in all eucaryotes and play a key role in the regulation of gene expression as well as cytoplasmic activities. They typically are organized in a three-kinase architecture consisting of a MAPK, a MAPK activator (MEK, MKK, or MAPK kinase), and a MEK activator (MEK kinase [MEKK] or MAPK kinase kinase). Transmission of signals is achieved by sequential phosphorylation and activation of the components specific to a respective cascade. In the yeast Saccharomyces cerevisiae, five MAPK modules have been described; they regulate mating, filamentation, high-osmolarity responses, cell wall remodeling, and sporulation ( Fig. 1A ) (reviewed in references 56 and 77). In mammalian systems five distinguishable MAPK modules have been identified so far (Fig. 1B) . These include the extracellular signal-regulated kinase 1 and 2 (ERK1/2) cascade, which preferentially regulates cell growth and differentiation, as well as the c-Jun N-terminal kinase (JNK) and p38 MAPK cascades, which function mainly in stress responses like inflammation and apoptosis (reviewed in references 57, 74, and 103). Moreover, MAPK pathways control several developmental programs, such as morphogenesis and spatial patterning in Dictyostelium amoebae (17, 45) , eye development in Drosophila melanogaster (124) , vulva induction in Caenorhabditis elegans (113) , and T-cell development in mammals (31) .
Individual MAPK modules generally can signal independently from each other, and this specificity is manifested in distinct physiologic responses. This is most obvious when studying MAPK signaling in S. cerevisiae. Here a particular extracellular event characteristically activates a specific MAPK module and initiates a unique cellular program (reviewed in references 56 and 77) . For example, stimulation of cells with pheromone leads to the activation of the pheromone response pathway (STE11, STE7, and FUS3) (Fig. 2) , which ultimately results in cell cycle arrest and the induction of mating-specific genes. However, related MAPKs whose modules share some components with the pheromone response pathway are not affected by pheromone stimulation but are activated only in response to the appropriate stimulus. For example, under conditions of high osmolarity Ste11 can lead to activation of Hog1 but does not induce mating-specific genes. Conversely, conditions that activate the filamentation pathway (which utilizes STE11 and STE7) induce only genes that regulate filamentous growth without triggering pheromone responses or responses to high osmolarity. These observations suggest that yeast cells have developed efficient mechanisms to generate pathway specificity and to successfully suppress cross talk, even when individual components participate in more than one signaling pathway.
In metazoan cells the problem is more complex because each cell is simultaneously exposed to multiple extracellular signals and must integrate these inputs to choose an appropriate response. Thus, the biological context of a signal plays a determinative role in the way that MAPK activation is interpreted. For example, although ERKs generally regulate cell growth and cell differentiation and JNKs participate in a stress response, this is not always the case and in certain cell types activation of JNKs can induce proliferation (110) . This indicates that in mammalian systems physiologic responses associated with a certain MAPK module can be cell type specific. Moreover, in PC12 cells, transient stimulation of the ERK cascade leads to proliferation whereas sustained stimulation leads to differentiation, as measured by neurite outgrowth (81) . Thus, activation of the ERK cascade can lead to contrasting physiological responses in the same cellular context, suggesting that signal specificity is also determined by regulatory mechanisms other than the selective activation of a MAPK module.
In this short review, we outline recent advances in understanding of this signaling system that help to explain how MAPK cascades are regulated and how specificity can be generated. Because of the power of yeast genetics, understanding of MAPK signaling in S. cerevisiae is at an advanced level, and thus many examples that utilize this organism are given. However, analogous mechanisms appear to be operative in metazoans as well. We discuss in turn the role of enzyme-substrate interactions, scaffolding proteins, subcellular targeting and localization, temporal regulation, and signal integration in determining the biological outcome of MAPK activation.
ENZYME-SUBSTRATE INTERACTIONS
Since MAPK pathways form a cascade of kinases, each downstream kinase serves as a substrate for the upstream ac-tivator. Thus, direct enzyme-substrate interactions play a critical role in the transmission of signals and offer a potential platform for generating specificity. Indeed, in vitro and in vivo certain upstream kinases exhibit substrate specificity and preferentially signal to a subset of possible effectors. For example, members of the Raf family specifically bind to and activate MEKs (28, 68, 93, 94, 118) but not MKKs in the stress pathways (83) . The interaction of MEKs with Raf is dependent on a proline-rich sequence unique to MEKs and not found in other MKKs. Deletion of this proline-rich sequence ablates the ability of MEK to bind to Raf and greatly diminishes the ability of Raf to activate MEK (10) . A-Raf preferentially activates MEK1, whereas c-Raf-1 seems to activate both MEK1 and MEK2 equally well (130) ; full-length B-Raf binds to both MEK1 and MEK2 but activates MEK1 better than MEK2, whereas another MEK activator that may be a splicing isoform of B-Raf displays the opposite specificity (102) . These results indicate that Raf family members can interact differentially with the substrates MEK1 and MEK2. However, much of this specificity is a consequence of quantitative differences in protein-protein affinities and can be lost when the partners are overexpressed (10) . Likewise, MEKK1, a MAPK kinase kinase of the stress pathway, appears to be specifically coupled to unique sets of activators and effectors (141) , although specificity can be lost when MEKK1 is N-terminally truncated or overexpressed (133, 134) . MEKs and ERKs also can bind directly to each other (although weakly) (43) , and as expected, MEKs activate ERKs but not JNKs.
How enzyme substrate specificity is generated in MAPK cascades is possibly best understood for the MAPKs themselves. Substrate specificity was originally determined by sequencing the phosphorylation site of in vitro MAPK substrates and subsequently by peptide selection. These studies revealed that MAPKs are proline-directed serine/threonine kinases that recognize a proline at the ϩ1 position of a potential substrate (with ERKs, but not JNKs or p38 MAPKs, having a secondary preference for prolines at the Ϫ2 position) (18, 35, 111) .
The three-dimensional structures of both inactive (143) and active (8) ERK2 have been solved by X-ray crystallography and greatly improve our understanding of how these enzyme substrate interactions are regulated. Upon activation by dual phosphorylation on Thr183 and Tyr185, the activation lip of ERK2 undergoes a conformational change, thereby creating a surface pocket that is specific for proline. Interestingly, this proline-specific pocket is occupied by the side chain of Arg192 when ERK2 is in an inactive state. Therefore, access of proline to the catalytic specificity pocket is blocked when the enzyme is not activated, and a productive enzyme-substrate interaction cannot take place (8) .
Sequences in the C-terminal domain of MAPKs that are (66) . Interestingly, substrate specificity in stress-activated JNK2 is determined by a region that spans residues 208 to 230 and that resides within the predicted substrate-binding groove (61) . This region is necessary for both binding to and phosphorylation of the substrate c-Jun by JNK2. JNK1, a MAPK that interacts poorly with c-Jun, can be redirected to c-Jun by replacing the predicted substrate binding region of JNK1 with corresponding sequences from JNK2 (61) , suggesting that distinct regions participate in the recognition of MAPK substrates.
In contrast to the proline-specific pocket, the structure of this C-terminal substrate-binding groove in ERK2 is not significantly affected by the state of ERK2 activation (8) . Thus, it is likely that protein-protein interactions mediated by this domain are independent of enzyme activation and that enzymesubstrate complexes are formed prior to activation. This would allow inactive MAPKs to regulate substrates, either through direct binding or by restricting access of the substrate to kinases with related specificity. A mechanism like this explains a series of otherwise puzzling observations in yeast where kinasedeficient point mutants of the MAPKs Kss1 and Fus3 inhibit signaling in a pathway-specific fashion (2, 21, 78) . Kinasedeficient Kss1 selectively blocks filamentation and inhibits the activation of transcription factor Ste12, whereas kinase-deficient Fus3 blocks mating. However, in a MAPK deletion null mutant this specificity is lost and each MAPK can functionally complement the other. For example, in the complete absence of Fus3 (but not in the presence of kinase-deficient Fus3) Kss1 can substitute for Fus3 and can regulate mating. These conceptually important findings from studies in yeast, which show that inactive kinases can regulate signaling pathways, are likely also to be applicable to mammalian systems.
Additional specificity-determining domains in MAPKs have been identified in a study using chimeric ERK1-p38 MAPK molecules (7) . Consistent with previous findings, Brunet and Pouyssegur demonstrate that C-terminal regions, including the phosphorylation lip, play a role in substrate recognition. Interestingly, a small region of 40 residues in the N-terminal domain of p38 MAPK determines responsiveness to particular agonists and thus may be involved in directing p38 MAPK to a specific activator. A chimera consisting of the N-terminal regions of p38 MAPK and C-terminal regions of ERK1 was able to receive stress signals and to redirect them into mitogenic responses, suggesting a modular structure for MAPK with distinct domains responsible for substrate recognition and agonist specificity.
Various MAPKs can recognize substrates differentially, as demonstrated in a recent study that examined the interactions of ERKs, JNKs, and p38 MAPKs with transcription factor Elk-1 (135) . Although all three MAPK family members can phosphorylate Elk-1 in vitro and in vivo, they interact with Elk-1 through clearly distinct mechanisms. Both ERKs and JNKs associate with Elk-1 through the so-called D domain of Elk-1 (residues 310 to 334) but require a different set of residues within this domain. In contrast, p38 MAPK does not need the D domain for functional interaction with Elk-1, suggesting that this MAPK utilizes a different mechanism to select ELK-1 as a substrate.
Taken together, these findings indicate that enzyme specificity of MAPKs is determined by a combination of the intrinsic specificity of the catalytic region for serines or threonines with a proline at the ϩ1 position, as well as domains that determine stable binding to the substrate. As more in vivo substrates of MAPKs are identified, it will be possible to determine which of these factors is the predominant determinant of signaling specificity.
SCAFFOLDS AND ADAPTERS
Several lines of evidence suggest that enzymatic activation of kinases in a given MAPK cascade may not be sufficient for successful propagation of a specific signal. For example, even though a constitutively active fragment of MEKK1, when overexpressed in cells, can phosphorylate and activate MEKs, under these conditions activated MEK is unable to signal further downstream, resulting in a poor activation of ERKs (133) . In addition, NIH 3T3 cells grown in suspension fail to activate MEKs and ERKs after growth factor stimulation, although c-Raf-1 can still be activated (100). Finally, mutationally activated MEK that lacks the proline-rich sequence between kinase domains 9 and 10 exhibits ample kinase activity in vitro but fails to activate ERKs in vivo and to transform cells (10, 25) . These observations led us and others to predict the existence of additional factors in mammalian MAPK cascades that facilitate optimal information flow. The above-reported defects in signaling could be explained by inappropriate targeting of affected components so that functional enzyme-substrate interactions would not take place. Targeting could be regulated by a mechanism that directly affected enzyme-substrate affinities or by putative accessory molecules like adapters or scaffolds involved in facilitating the assembly of enzyme-substrate complexes.
In MAPK pathways in S. cerevisiae, scaffolding functions have been identified for Ste5, a protein that is essential in the mating pathway, and for Pbs2, a MAPK activator that regulates the high-osmolarity response (reviewed in reference 128). Ste5 selectively associates with Ste11, Ste7, and Fus3 (14, 80, 98) and apparently functions by facilitating the formation of an oligomeric protein complex (Fig. 2) . Because this complex would increase the local concentration of the components involved in the mating response, the efficiency of enzyme-substrate interactions should be greatly enhanced. Moreover, by tethering components of a specific cascade into an oligomeric protein complex and by excluding from this complex related components that operate in parallel cascades, illegitimate cross-interactions with related MAPK modules may be minimized (136) . Thus, scaffolds like Ste5 may insulate a given MAPK module from related pathways, thereby increasing the specificity of signaling. Similar scaffolding properties were suggested for the MKK homologue Pbs2, which associates with the Pbs2 activator Ste11, the MAPK Hog1, and a putative osmosensor, Sho1 (97) . Interestingly, here the predicted scaffolding function is located in domains of Pbs2, a kinase in the nodule, suggesting that both accessory molecules and components of MAPK cascades can serve as scaffolds.
Because many of the enzymatic components of the mammalian MAPK cascades bind directly to each other, it was not clear whether these signaling modules would contain scaffolds that were separate proteins. Rather, it seemed likely that, as with Pbs2, protein-protein interaction domains intrinsic to components of a respective MAPK module would direct the formation of oligomeric signaling complexes. This is especially plausible for the ERK cascade, where Raf family members interact with Ras-GTP through interactions between a welldefined effector domain on Ras and Ras-binding domains on Raf (85, 119, 122, 126, 144) , MEKs bind to Raf family members (10, 93, 130) , and ERKs bind to N-terminal regions of MEK (43) . Similar interactions have been reported for the JNK activator MKK4, which seems to organize a MAPK module consisting of MEKK1, MKK4, and JNK1 (131). Theoretically, these protein-protein interactions should be sufficient to facilitate the formation of an oligomeric signaling complex, making accessory scaffolding molecules like yeast Ste5 unnecessary in higher eucaryotic systems.
However, the identification of JNK interacting protein 1 (JIP1) and MEK partner 1 (MP1), two scaffold-like molecules that function in mammalian MAPK modules, suggests that scaffolds may have a more universal role in the generation of specificity than previously anticipated. JIP1 operates in the JNK pathway and selectively binds to JNK, JNK activator MKK7, and MKK7 activators mixed-lineage kinase 3 (MLK3) and dual leucine zipper-bearing kinase (DLK) (127) . Overexpression of JIP1 can enhance the activation of JNK in the presence of ectopically expressed MKK7 (but not MKK4) and MLK3, suggesting that JIP1 is specific in regard to both binding and enzymatic activation of this MAPK module. MP1 functions in the ERK cascade and has properties somewhat different from those of JIP1. This small protein (14 kDa) selectively associates with ERK1 and ERK activator MEK1 but fails to detectably interact with the close family members ERK2 and MEK2 (105) . Moreover, physical interactions of MP1 with MEK1 activators like c-Raf-1 (equivalent to the JIP1-MLK3 interaction) have not been detected so far. In vitro, MP1 enhances the activation of MEK by Raf, and when overexpressed in cells, MP1 can selectively enhance the activation of ERK1 but not ERK2, suggesting that MP1 helps to discriminate between these two MAPK isoforms. Since both JIP1 and MP1 bind selectively to a subset of components of a MAPK module and specifically enhance signaling that is routed through these components, they exhibit properties of scaffolding proteins. A scaffolding function was also suggested for Ksr (kinase suppressor of Ras), which can physically associate with Raf, MEK, and ERK (132, 139) ; however, the precise role of Ksr is incompletely understood, and whether this protein functions as a scaffold in MAPK signaling remains to be seen.
Interestingly, the known MAPK scaffolds (Ste5, Pbs2, JIP1, and MP1) show no obvious similarity in amino acid sequence. This raises the possibility that these molecules did not originate from a common ancestor but have evolved independently. It is likely that more scaffolding molecules that operate at different steps in MAPK modules will be identified in the near future. In particular, for the ERK cascade, we predict additional small proteins like MP1 that associate with family members of ERK1 and MEK1 and that possibly connect these components to the upstream activators Raf, Mos, and TPL2.
Considering that many players in MAPK pathways physically interact with both their activators and effectors, there arises the question of why nature evolved a variety of distinct scaffolding proteins that form additional contacts to components of MAPK cascades. Why, for example, do we need MP1 to bridge ERK1 and MEK1 if ERK1 is capable of directly interacting with MEK1 (43)? The answer to this question may lie in the potential of such complexes to achieve a high degree of regulatory flexibility. It is likely that signaling complexes form dynamic structures with constant assembly and disassembly of components. Because several sites of relatively weak contact within a complex can act cooperatively, components exhibiting such a binding behavior can establish disproportionately stable associations. However, selective disruption of some of the interactions may result in the loss of synergistic binding and the subsequent dissociation of a binding partner. Therefore, stable association and disassociation could be effectively regulated by controlling a few relatively weak protein-protein interactions. It is plausible that conformational changes induced by activating (or feedback) phosphorylation in these kinase cascades are sufficient to mediate these effects.
SPATIAL ORGANIZATION OF MAPK MODULES
A growing number of reports indicate that MAPKs can be targeted to specific sites within a cell. For example, ERKs associate with the cytoskeleton (101) and a small but constitutively active pool of ERK1 copurifies with tubulin, whereas ERK2 copurifies with microtubule-associated protein 2 (87). Moreover, active JNK is localized to punctate structures along microtubules together with JNK kinase kinase MLK2 (90), suggesting that both MAPKs and upstream activators can be recruited to particular cellular locations. Finally, active ERK is found at the kinetochores, asters, and midbody during certain stages of mitosis (109, 142) and associates with centromeric protein CENP-E (142), a finding that is particularly interesting because ERKs (51, 121) and p38 MAPKs (114) have been implicated in checkpoint controls during M phase.
At present, targeting mechanisms for MAPK pathway components are poorly understood and several strategies for targeting are possible. For example, substrates or upstream activators with a restricted subcellular distribution could facilitate the recruitment of the respective kinases by direct physical interactions. To illustrate, membrane-associated Ras binds to Raf and can recruit this kinase to the membrane (69). Similarly, CENP-E that colocalizes with active ERK at the kinetochores may target ERKs to this cellular location (142) . Comparable mechanisms could also be in effect for other MAPK substrates, such as transcription factors, that can often directly bind to their upstream activators (2, 52, 60) . Alternatively, targeting could be regulated by so far unknown anchoring molecules that operate in a manner similar to A-kinase-anchoring proteins. These molecular anchors can recruit protein kinase A (PKA) to specific cellular sites (65, 72, 95, 106) . In addition, subcellular distribution of a given component could be affected by internal targeting sequences, as suggested for ERK activators MEK1 and MEK2. Both contain an intrinsic nuclear export signal (NES) that regulates the distribution of MEKs between the nucleus and the cytoplasm (41, 42, 58, 125) .
MAPKs can undergo a pronounced nuclear translocation following stimulation by agonists (12, 49, 70) , a process that is best understood for MAPKs ERK1 and ERK2. Here nuclear translocation involves at least three distinct regulatory steps, including cytoplasmic retention of ERKs by MEK (43), phosphorylation and subsequent dimerization of ERKs (63), and active transport of ERK dimers across the nuclear membrane (63) .
ERKs are cytoplasmic in quiescent cells and associate with MEK (43) . Because MEK has a NES and is actively exported from the nucleus, it may serve as a cytoplasmic anchor for ERKs under these conditions. This idea is supported by the finding that MEK mutants with dysfunctional NESs were unable to retain ERKs in the cytoplasm, resulting in a uniform distribution of ERKs and MEKs in the cytoplasm and the nucleus (43) . Serum stimulation disrupts the ERK-MEK interaction by an unknown mechanism allowing ERKs to translocate to the nuclear compartment (43) .
Nuclear translocation of ERKs is facilitated by phosphorylation of ERKs at the sites of activation, but it does not require ERK kinase activity (63) . Interestingly, phosphorylation of yeast MAPK Hog1 also induces transient nuclear translocation in the absence of kinase activity (38) , suggesting that this mechanism may be common to several MAPKs. Phosphorylated ERKs dimerize, and this seems to be important for nuclear translocation, because a dimerization-deficient mutant of ERK, although otherwise functionally intact, cannot translocate to the nucleus (63) .
Since ERK dimers exceed the maximal size for passive diffusion, it is likely that these dimers are actively transported across the nuclear membrane. However, ERKs lack an intrinsic nuclear localization signal (NLS), and it is unclear how the nuclear import machinery recognizes ERKs. One possibility is that ERK dimers interact with a third partner that provides the NLS. Alternatively, ERKs could contain a discontinuous NLS that is recognized only after dimerization of two ERK monomers (63) . Genetic evidence from S. cerevisiae supports the notion that MAPKs are actively transported across the nuclear membrane. Nuclear import of Hog1 requires the activity of the small GTP-binding protein Ran-GSP1 (38) , which plays an important role in nuclear transport (19, 82, 86) . Moreover, the activity of the novel importin ␤ homologue NMD5 that presumably functions in targeting Hog1 to the nuclear pore complex is essential for nuclear translocation of Hog1 (38) . Interestingly, nuclear export of dephosphorylated Hog1 requires the function of the NES receptor XPO1-CRM1 (38, 112) , suggesting that unphosphorylated MAPKs can be exported actively from the nuclear compartment.
MAPKs can also regulate subcellular distribution of downstream effectors, thereby affecting the signaling properties of these proteins. This is especially apparent for Ca 2ϩ -activated transcription factor NFAT4, which requires dephosphorylation of two residues (Ser163 and Ser165) in order to translocate to the nucleus. Interestingly, these sites can be phosphorylated by JNK, and JNK activation leads to nuclear exclusion of NFAT4 (15) , indicating that JNK activation can counteract NFAT4 signaling. Similarly, phosphorylation of nuclear MAPK-activated protein (MAPKAP) kinase 2 by p38 MAPK results in exclusion of both p38 MAPK and its substrate MAPKAP kinase 2 from the nuclear compartment (4, 33) .
TEMPORAL ORGANIZATION OF MAPK MODULES
Temporal organization of MAPK activities can play an important role in the generation of specific biologic responses. This is especially apparent in PC12 cells, where ERK activation can initiate two opposing biologic programs, cell growth and cell differentiation. Sustained ERK activation followed by nuclear translocation of ERKs leads to cellular differentiation, as measured by neurite outgrowth (81) . In contrast, cell growth can be induced by transient activation of ERKs (81) . Interestingly, sustained activation of ERKs in fibroblasts leads to growth and transformation (24) . Thus, the biologic response to these variations in the timing of kinase activation is cell type dependent.
Control of the persistence of signaling in PC12 cells has been examined by Stork and coworkers (137) , who reported that MAPK activation in response to nerve growth factor is controlled by both Ras and Ras-related GTP-binding protein Rap1. Whereas Ras is responsible for the early activation of ERKs, Rap1 mediates the persistent activation that is required to induce neuronal differentiation. Thus, the ability of a cell or agonist to make use of these two GTP-binding proteins could determine the timing of a MAPK signal. However, these in- terpretations have been challenged by recent reports from Bos and colleagues (145) .
Whether activation of MAPKs is sustained or transient depends also on the induction of feedback inhibition pathways. These include activation of phosphatases, notably members of the large family of dual-specificity phosphatases that inactivate MAPKs (reviewed in reference 74). These phosphatases display unique substrate specificities for MAPK family members. For example, MAPK phosphatase 3 (MKP-3) selectively inactivates ERKs (89) and M3/6 is restricted to stress-activated MAPKs (89) . However, MKP-1 and MKP-2 dephosphorylate ERK, JNK, and p38 MAPK to various degrees (16) , suggesting that some dual-specificity phosphatases have overlapping substrates. Moreover, many dual-specificity phosphatases are confined to specific subcellular compartments. For example, MKP-1 is exclusively localized to the nucleus (6, 73) whereas MKP-3 is cytoplasmic (50, 88) . A nuclear phosphatase such as MKP-1 would selectively turn off MAPK-induced changes in gene expression while allowing continued functioning of cytoplasmic MAPKs.
Serine/threonine phosphatases such as PP1 and PP2A also can regulate MAPK cascades, presumably by dephosphorylation of activated MEK and Raf. Indeed, inhibition of these phosphatases with okadaic acid leads to constitutive activation of MAPKs (1, 9, 55) . However, whether these phosphatases are regulated or serve only as a basal inactivation mechanism is unknown.
Feedback phosphorylations also are likely to play a role in determining the persistence of a MAPK signal. MEK (10, 37, 79) , Raf (108, 117) , and SOS (23, 32) have all been shown to be subject to feedback phosphorylation, but the role of these phosphorylations in regulating signaling is still uncertain.
SPECIFICITY BY CROSS TALK AND SIGNAL INTEGRATION
Mammalian MAPK modules are intertwined in a complex network of signaling cascades, and the induction of a particular biologic response often requires more than one input signal. In order to generate an appropriate output signal, coordination of input pathways and subsequent integration of signals are necessary. To achieve this, MAPK modules have evolved strategies to communicate with other pathways. This cross talk can affect signaling properties and information flow and can modify the specificity of the pathways involved.
To illustrate, elevated levels of cAMP that induce the activation of PKA can determine which Raf isoform will be engaged in a cell to stimulate MEKs. In Rat-1 fibroblast cells, the activation of c-Raf-1 can be selectively inhibited with high levels of intracellular cAMP (22, 107, 129) , possibly by a direct phosphorylation of c-Raf-1 by PKA (129) . In contrast, in PC12 cells B-Raf can be activated by elevated levels of cAMP in a Ras-independent manner (34, 39, 138) , and in LNCaP prostate cancer cells cAMP potentiates rather than inhibits the activation of MAPK in response to epidermal growth factor (13) . This activation is mediated by the cAMP-responsive small GTPase Rap1 (30) , which directly signals to the B-Raf isoform (120, 137) . Therefore, high levels of cAMP and subsequent activation of PKA can change the routing of information, resulting in selective activation of B-Raf and the inhibition of c-Raf-1 (Fig. 3) . This suggests that cAMP could function as a molecular switch to determine isoform specificity in the mitogenic MAPK cascade. Similarly, MEK1 may be regulated by the cell cycle machinery, since phosphorylation of MEK1 (but not MEK2) by cyclin-dependent kinase 2 can reduce kinase activity of this MEK (104) .
MAPK modules can affect the properties of other signaling pathways. As mentioned previously, JNK can counteract the activation of transcription factor NFAT4 by direct phosphorylation (15) . ERKs can communicate with estrogen signals by phosphorylating the estrogen receptor at serine 118 (62) . This phosphorylation enhances estrogen-induced transcriptional activity of the estrogen receptor, suggesting that estrogen binding and growth factor stimulation of ERKs can cooperate to maximally activate the estrogen receptor. ERKs also interact with alpha/beta interferon-mediated activation of the JAK-STAT signaling cascade, and dominant-negative ERK2 can inhibit transcriptional activation of an interferon-responsive reporter gene (26) .
Signaling properties of MAPK modules can also be modified by closely related MAPK cascades. For example, the small G proteins Rac1 and Cdc42, which normally activate the JNK module, can cooperate with Raf to activate the ERK cascade (40) . This cooperative effect seems to require the Rac-and Cdc42-activated kinase p21-activated kinase 1 (PAK1), which can phosphorylate MEK1 in a proline-rich region previously implicated in signaling (10, 25, 59) , thereby increasing MEK's affinity for c-Raf-1 (40) . Interestingly, PAK3, a member of the same kinase family, was recently reported to enhance c-Raf-1 activity by direct phosphorylation at serine 338 (64) , further supporting the concept of cross-cascade communication. In the case of MEKK1, a more indirect cross talk network that can induce gene expression of MKP-1 occurs, (5), thereby possibly attenuating signaling of heterologous MAPK cascades.
Interestingly, downstream of MAPK modules signals can converge; for example, both ERK and p38 MAPK can activate the downstream kinases MAPK signal-integrating kinase 1 (MNK1) (44, 123) and mitogen-and stress-activated protein kinase 1 (MSK1) (27) . Similarly, MAPKAP kinase 3 (also known as 3pK) can be targeted by ERK, JNK, and p38 MAPK (75) . In addition, many transcription factors are regulated by more than one MAPK pathway. For example, ERK (47), JNK (11, 48) , and p38 MAPK (99) can activate transcription factor Elk-1. Other transcription factors interact with a subset of MAPKs, as demonstrated for ATF2, which is regulated by JNK (53) and p38 MAPK (99), or c-Jun, which is targeted by JNK (29, 84) and in some cellular contexts also by ERK (71, 96) . This raises the question of why cells first put a lot of effort into the generation of a specific signal if in the end many pathways converge on the same downstream targets. In other words, how can specificity of signals be maintained when several pathways utilize the same target protein as an endpoint of signaling? Although understanding of this issue is incomplete, several mechanisms have so far been identified.
First, MAPK modules may be linked to certain downstream effectors in a cell-type-specific manner. This was suggested, for example, in a recent study demonstrating that the Drosophila MAPK Rolled (ERK homologue) can activate Jun in eye development, whereas Basket (JNK homologue) signals to Jun during dorsal closure (Fig. 4) (67, 96, 116) . Similarly, in PC 12 cells ERKs but not JNKs activate c-Jun to induce neurite outgrowth (71) . However, in other cell lines c-Jun is selectively regulated by JNK (83, 84) , suggesting that additional cell-typespecific factors can determine which MAPK module is linked to c-Jun.
Second, common targets of MAPK modules may be involved in the regulation of general cellular functions, such as the regulation of translation, that are required for virtually all transitions in cell state (Fig. 5A) . This notion is supported by the observation that MNK1, a kinase that is a common substrate of ERK and p38 MAPK, is able to phosphorylate eukaryotic translation initiation factor 4E at a physiologically relevant site, thereby possibly affecting initiation of translation (123) .
Finally, common downstream targets of MAPKs also could cooperate with input signals unique to a specific MAPK module to generate discrete biologic responses (Fig. 5B) . This is presumably the case for S. cerevisiae transcription factor Ste12, which is regulated by both Fus3 and Kss1 to induce genes specific to mating or filamentous growth. Induction of matingspecific genes requires binding of Ste12 to pheromone response elements in pheromone-inducible promoters (54, 77, 140) and may be enhanced by a second transcription factor, Mcm1 (36, 91) . In contrast, during filamentous growth, Ste12 binds cooperatively with transcription factor Tec1 to an enhancer element called FRE (filamentation and invasion response element) to induce genes that regulate filamentous growth (Fig. 6) (46, 76, 77) . Therefore, by regulating the availability of transcription factor Tec1, a cell may be able to influence whether activation of Ste12 leads to mating or to filamentous growth. Moreover, additional regulatory elements participate in the control of Ste12 activity. For example, inactive Kss1 can cooperate with Dig1/2 to repress transcriptional activity of Ste12. This repression can be overcome by phosphorylation of Dig1/2 by MAPKs Fus3 and Kss1 (2, 3, 20, 115) .
CONCLUSIONS
MAPK cascades were initially believed to operate predominantly as linear signaling pathways that directly link a specific input signal to a specific biologic response. However, it now seems that communication takes place through a complex network of signaling cascades and that information flows not only from and to the outside world but also laterally from one pathway to another. By integrating several different signals, organisms can mount appropriate responses to an enormous variety of challenges and signals while making use of a minimal number of novel components.
The way regulatory signals are interpreted will depend on the other signals that are also received, just as middle C on a piano sounds different when played as part of a C major or an A minor chord. In a more general way, cells may generate a diversity of activities with a limited number of signaling pathways, much as a composer can create music with just 12 keys. Activation of signaling cascades in various combinations would correspond to the different sounds an orchestra creates by varying harmony, rhythm, and instrumentation. The challenge now is to learn how the various pathways are coordinated and integrated to orchestrate richly diverse biological responses.
